The effects of 5-(N-methyl-N-isobutyl)-amiloride (MIA), an amiloride analog, was tested on the Na+/H antiport activity of intact vacuoles and tonoplast vesicles isolated from sugar beet (Beta vulgaris L.) Evidence for the active accumulation of Na+ in vacuoles of halophytes and salt-tolerant glycophytes has been presented.
chemical potential difference of protons (,uH+, protonmotive force) which drives the H+-coupled Na+ transport across the tonoplast into the vacuole, and across the plasma membrane out ofthe cell (4) . The operation of H+-coupled Na+ transport systems has been reported for several species; in barley roots (23) and tobacco cells (26) , the addition of Na+ to the bathing medium increased the proton efflux across the plasma membrane. Braun et al. (5) presented evidence for the operation of an active Na+/H+ exchange across plasma membrane vesicles of Atriplex roots, and the presence of an Na+/H+ antiport was reported in plasma membrane vesicles from the halophyte Dunaliella salina (16) .
Evidence for the active accumulation of Na+ in vacuoles of halophytes and salt-tolerant glycophytes has been presented. In barley, a high ratio of Na+/K+ was reported in the vacuoles of cortical cells (14) and leaf cells (19) . Short-term studies of exposure of barley roots to salt by in vivo NMR spectroscopy, revealed a Na+-induced upward shift in vacuolar pH, consistent with the operation of a Na+/H+ antiport (8) . In Beta vulgaris, Na+/H+ antiport exchange was demonstrated in intact vacuoles isolated from red beet roots (20) , and sugar beet cell suspensions (3) . In studies using isolated tonoplast vesicles, Na+/H+ antiport activity has been reported in membranes isolated from storage tissue of red beet (1) and sugar beet (3) , and from barley roots (10) . In barley, the antiport activity was almost completely induced by external NaCl (10), de novo protein synthesis was not detected and the activation by salt of an existing protein was suggested (1 1). In beet cell suspensions, a 200-fold increase in the external NaCl concentration resulted in only a 100% increase in antiport activity, suggesting that the tonoplast Na+/H+ antiport in these cells was consititutive (3) .
Despite increasing evidence accumulating on the operation of the Na+/H+ antiport in membranes from different plant species, the biochemical identification of the antiport has not been accomplished. Our previous studies have shown that the diuretic drug amiloride acts as a competitive inhibitor of the plant vacuolar Na+/H+ antiport, similar to its effects in animal cells (1) . However, amiloride is not a specific inhibitor of the Na+/H+ antiport and also inhibits a number of important membrane structures involved in Na+ transport. These include Na+ channels, the Na+/Ca2' antiport, Na+/amino acid and Na+/glucose transporter (17) . Replacement of one or both hydrogen atoms of the 5-amino group of amiloride by alkyl or alkenyl groups resulted in a 10-500 fold increase in potency for inhibition of the Na+/H+ antiport, with a significant reduction in the inhibitory effect of other amiloridesensitive transport systems (17, 25) . We have studied the effect of a series of these 5-amino substituted amiloride analogs in intact vacuoles and isolated tonoplast vesicles from B. vulgaris, and found a 3-to 200-fold increase in the inhibitory effect on the Na+/H+ antiport activity without any detectable effect on the tonoplast H+-ATPase or proton permeability (2) .
In the present study, we have used intact vacuoles and tonoplast vesicles isolated from sugar beet cell suspensions to further investigate the properties of the Na+/H+ antiport. We have studied the covalent incorporation of the 5-amino-sub-stituted amiloride analog [3H]MIA2 after photolysis to determine the membrane proteins containing binding sites for MIA.
MATERIALS AND METHODS

Plant Material
Cell suspension cultures of sugar beet (Beta vulgaris L.)
were grown as described previously (3).
Isolation of Tonoplast Vesicles and Vacuoles
Purified tonoplast vesicles were prepared by homogenization ofsugar beet cell suspensions followed by density gradient fractionation (2) . Intact vacuoles were isolated by osmotic lysis of sugar beet protoplasts as described before (3 (0) 10,M, (7) 25 __m MIA.
arc lamp and M303 power supply (Photochemical Research Associates). A <300 nm UV cutoff filter was employed to reduce radiation damage to the membranes.
SDS-PAGE and Autoradiography Samples were prepared as described by Parry et al. (22) . Protein samples were diluted 50 times in 1:1I ethanol/acetone and stored at -20°'C for 3 h followed by centrifugation at 4°'C at 13,000g for 7 min. Supernatants were completely aspirated and pellets air dried at 4°'C before resuspension in Laemmli sample buffer (I18). Samples were then heated at 60°C for 2 min before loading on gels. SDS-PAGE was carried out using a 7.5%F to 15% gradient gel by the method of Laemmli (18) . Molecular 
RESULTS
Inhibition of Na+/H+ Exchange by MIA
The effect of MIA on the Na+/H+ antiport activity was determined using tonoplast vesicles and intact vacuoles isolated from sugar beet cell suspensions. The effect of MIA on Na+ driven proton fluxes was measured in intact vacuoles. A proton gradient, acidic inside, was generated in vacuoles by activation of the ATP driven H+ transport. Following the removal of ATP, sodium aliquots (2.5-75 mM) were added and the initial rates of proton efflux were determined in the absence and presence of increasing MIA concentrations. The initial rates of proton efflux displayed a Michaelis-Menten relationship to Na+ concentration, with an apparent Km of 16.5 mM (Fig. 1) . Addition of MIA to the external medium inhibited the Na+-dependent H+ fluxes. Figure 1 shows an Eadie-Hofstee plot of the kinetic data obtained by measuring Na+-dependent H+ fluxes in the presence of increasing concentrations of MIA. In the experimental range, 0 to 8 gM, MIA inhibited Na+/H+ antiport activity in a competitive manner. A secondary plot of apparent Km versus MIA concentration yielded an apparent Ki of inhibition of 5.9 ,uM ( Fig.   1, inset) .
The effect of MIA on 22Na' influx was measured in isolated tonoplast vesicles. Tonoplast vesicles and not intact vacuoles were used to measure H+-dependent 22Na+ fluxes due to the fragile nature of the vacuoles and their bursting during the filtration procedure used to stop the uptake reaction. The pH gradient generated by activation of the ATP driven H+ pump was used to drive 22Na' uptake by the tonoplast vesicles. Following the removal of ATP by hexokinase, sodium aliquots (2.5-50 mM) were added and 22Na accumulation rates were determined in the absence and presence of increasing concentrations of MIA (Fig. 2) . H+-dependent 22Na uptake displayed saturation kinetics with respect to extravesicular Na+ concentrations with an apparent Km of 6 mM. Addition of increasing MIA concentrations to the assay medium reduced H+-dependent 22Na' influx (Fig. 2) . (Fig. 3, inset) . (Fig. 4a) , and a large, linear, nonsaturable component at high concentrations (10-300 gM) of [3H]MIA (Fig. 4b ).
Scatchard analysis of the binding data yielded a nonlinear plot (Fig. 5) MIA concentrations and exposed to high intensity UV light from a mercury arc lamp, the label was covalently incorporated into a large number of polypeptides (Fig. 7B) . Photolysis of [3H]MIA was also carried out in the presence of 1 mM amiloride (Fig. 7A) . Amiloride was included to minimize specific labeling, thus allowing the distinction between specific and nonspecific labeling. The incorporation oflabel into three polypeptides of apparent molecular masses 223, 123, and 32 kD was totally blocked by 1 BOUND (nmol/mg prot) Figure 5 . Scatchard analysis of the equilibrium binding data from Figure 4 . The nonlinear plot was resolved into two linear components by a graphic method described by Rosenthal (24 (2) , and 22Na influx in tonoplast vesicles (Fig. 2) . In the absence of a pH gradient (collapsed by the addition of NH4CI), 22Na influx was less than 5% of that in the presence of a pH gradient (not shown). In the absence of sodium, H+ efflux was very slow (2, 3) . Both H+ efflux and Na+ influx displayed saturation kinetics and a similar dependence on external sodium. Na+-dependent H+ fluxes displayed an apparent Km for external sodium of 11.5 and 16.2 mm for tonoplast vesicles and vacuoles, respectively (2) . pH gradient-dependent Na+ influx displayed an apparent Km for external sodium of 6 mm (Fig. 2) . With a vesicular volume of 5 to 10 ,uL/protein and a pH gradient of 1.9 units (our unpublished results), tonoplast vesicles were able to accumulate Na+ about 15-fold when the external sodium concentration was 7.5 mm. Thus, the generally assumed pH gradient of 2 units across the tonoplast of most plant cells would clearly be capable of energizing vacuolar sodium accumulation.
We have shown previously that the diuretic drug amiloride is a competitive inhibitor of the Na+/H+ antiport in tonoplast vesicles from storage roots of B. vulgaris (1) . Its reversibility, low specificity, and relatively low inhibitory potency (17) limits its use as a tool for the identification and isolation of the antiport. The substitution of the H-atoms of the 5-amino groups of amiloride by alkyl or alkenyl groups results in an increase in the inhibitory effect on the Na+/H+ antiport, with a significant reduction in the inhibitory effect on other amiloride sensitive transport systems (25) . In previous studies we tested the effects of a series of 5-amino substituted amiloride analogs on the Na+/H+ antiport activity of isolated tonoplast vesicles and intact vacuoles of sugar beet cell suspensions. An increase in the inhibitory potency (3-200-fold) of these analogs was found without any detectable effect on tonoplast H+-ATPase or proton permeability (2) . In this paper, the amiloride analog MIA inhibited Na+/H+ exchange in a competitive manner with Ki of 2.5 and 5.9 gM for ApH dependent Na+ influx in tonoplast vesicles and Na+ dependent H+ efflux in intact vacuoles, respectively (Figs. 1 and 3) . The higher inhibitory potency displayed by MIA, compared with that of amiloride itself (140 Mm) (2), suggests that MIA would be a suitable inhibitor for the design of a radioactive photo-labile probe for the identification of the Na+/H+ antiport of sugar beet tonoplast.
Several radioactive 5-N-substituted amiloride derivatives have been used in different animal systems to characterize and identify the Na+/H+ antiport (12, and references therein).
[3H]MIA was used to estimate the density and turnover number of the Na+/H+ antiport from lymphocytes (7) and to identify antiport subunits in brush border membranes (6, 27 (25) indicates that the low affinity binding component represents the interaction of [3H]MIA with the membrane lipids. The close relationship between the dissociation constant value obtained for the high affinity binding component (Fig. 5 ) and the constant of inhibition for MIA obtained by fluorescence quenching (Fig. 1) and by isotope exchange (Fig. 3) (Fig. 6) . The membrane associated proteins were estimated at 0.8 pg/vacuole, thus the A method previously reported in studies on the Na+/H+ antiport of lymphocytes (7) and brush border membranes (27) The variability observed in reports on the brush border membrane may be an indication that the antiport is composed of multiple subunits of different molecular weights.
The difference observed with the protection of amiloride against MIA labeling would suggest the presence of two different sets of polypeptides differing in their affinity to MIA in tonoplast membranes from sugar beet cell suspensions. A voltage-dependent cation channel has been recently described in these membranes. This channel was not selective between K+ and Na+ (21) , and amiloride is an inhibitor of the channel activity (O Pantoja, E Blumwald, in preparation). It is possible that the two groups of polypeptides, i.e. 223, 123, 32 kD, and 174, 38, 35 kD may correspond to Na+ channel and Na+/H+ antiport subunits, respectively. To confirm this hypothesis, This report a 5-(N-Ethyl-N-isopropyl-bromoamiloride).
:.-Mt-Plant Physiol. Vol. 93, 1990 we are currently studying the effect of amiloride analogues with distinct affinities for the Na+/H+ antiport and the Na+ channel. These analogues are being used to protect differentially against labeling of tonoplast proteins by photo-irradiation of [3H]MIA.
